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Perform an imaging scan of a subject to generate an

Image dataset

Y

Perform a segmentation on the image dataset to generate — 304
segmented information of an object of interest

[ —

Utilize the segmented Iinformation to generate and 306

display a 3D image of the object of interest

Y

ldentify areas of the selected organ that are not 308
within the 3D mesh '

Manually adjust a size of the 3D mesh ——310

FIG. 8
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—400
¥
Display at least one 3D image concurrently with a 3D 407
surface mesh superimposed thereon -
Use Image as reference select a point A in the image thatyou | 44

want mesh surface to reach

Search for a point B on the mesh surface that is closest to A.
Use AB as the center axis to determine effective region and —~ 4006
adjustment of each vertex

|

For each vertex within a predetermined radius, calculate its
adjustment distance according to its position and adjust the 408
vertex to its new position

Repeat steps 404-408 until all vertices within predetermined

radius are adjusted, and display a revised 3D mesh — 410
Repeat steps 404-410 to any location that needs to be -
. . . 412
adjusted in the 3D image
Extract the region bounded by the mesh generated at 412 _~ 414

FIG. 11



US 8,907,944 B2

Sheet 8 of 15

Dec. 9, 2014

U.S. Patent

360

50

...‘:,.l g

L

L E N NN NN YN EE N NN NN LN
mY R L N NN EE NN NN NN NN

‘-.I-..II.-.II‘-.- .IlIIII-‘IIll.lI.-I...-I-.III-.lI.-_II.‘-II.I-li.ll.illI..Hll.I-II‘-

EsrfresEEE IR IEEN
llllllllllllllll o A mm mEoEom
I I E EE I EEEENEIN R F 4

.
v
'
[
- e =k F or kB
- F
0T
r - = 2 L
- = F + F
ERERELE L
= r %+ F = 1 F F
e e vaa
LT,

)
'-.'- - m q.'

r k1 + F+ 4 F F 4
—.—..—..—.—.l—.—.—.—.

"I EEAF u
L rrrd 4 F FFIEFR
- . e = e m me lE w wm e o o R al i e RN N S ]
L L
] L -
- ] .
. " r L L,
n r LRI R S
S “\\
]
L] +
" \. - .
- r
' u n i
w .
- - " \.\.
[} L 1
LI ] w + ++ -+
= S . R
x, . .l 1111111 B N ..1—.1 - n -.‘l.-_
r ] ey
] o ' = m
- - e L
L ] ru B ] )
- ll 4 !\% !I-_Il
] w X o EEr
w [ ] 4 .lx. o w IHI.I
| ] ] LI ] o
o - oo
o o [ ] o
i tlm o L ] q._.l-.
- . - DY Bl e o m' n a' a am a aa am s kaa . -
- ' o LI OO N I I N A+ FF A e 4 aa s -.ll.\
o) LN B R RE B N A .-.-.__....-..-l-lll.-. ¥
- A= L) BRI BT L N B N L A F A FadS aam L
b o I
]
= L
n |

W "N
-
I.:l

i

e e e a a e s
F ¥4+ 4 FF F& F+d

..... R i ]
||||||||||||||||||
R N R e |

F+ 4+ F Ak Fal

r DR R B i i
I e i ]

P

SIS L M

LI L
-+

o
o

)

1111111111111111

'.%l.l.

rrrrrrrrrrrrrrrrrrr
F + ¥ 5 4
4 .-..—.—..—..—.L.“ii.—. a4
FF + % - &4 84
+ F + % + ¥+ 4+ ¥
F+ = %+ ¥+ 4 F
...............

]
.-. llllllllllllll
]
L
e gl T R o R ™ S e R L R A
r
] .
e i R o et e o e e et
l-_ o L ] .
L ettt at, -
" r . o+
r 1+ F P+ 4P - 4
Sl T T et e T P
- T N I N I R I A
L] e+ + F+ - b+ PP A AF+F AR -
o e m w m m o e R T a
ll- et taat ) .-“.-.- !
- '] g a
qqqqqqqqqqqqqqqqqqq
] + R I
FE+ A4 - 20 88 - FF S84 +4 +4
- N N N L A I B A
[ P F F -
"y O S P L
] BT B el N N N e N i W RN ]

= FPF 5 d FFFFAFFFFEFA
..—..—..—.—..—‘.-illiii.—.‘.il

LI ]

.

LI
-

i

u-.q“.-__-._l aal .-u.

CE R N
LI

- - -l-

-

S . . ol ey - o ’ e
s M o e s S

.l- ll- l-l LT . . . . .. l.l_.Il- l-”lllql-!!lll-l

- E N F RS dd N ] u -ll-ll-.-l-l.!-_l- | l.l

s ), s ._ ? _ \\%w”.ﬁ.wmmx

]

"" LI N e , !"I.
sttt o N e s ! i : _.....%..u.uuu“.uu".u-u‘..;“.-.."u;u"nu
o !l!-.l. o e .l. s s e e e | | ra e e w e e m e e e e e e e e e e e T e | i ] ll“l!l .l"ll.l-.lllll.!-_lllln ll.ll

FIG. 12

362

l.-.ll-l.-llll.-l-iin-lnn.-lllli-lnuul.llll-l-..-l.-..-l-llllll o - r L L -l-.llln-l-l.l.lllull-lllllnunl-lllnll.lll ....Il.l.l
HE I BN EE I AN ENEFJsFFEEAFS d ] l.‘.l.lI!.-l-.!lll.ll-.!i.ll-l.!il-llll-l.-ll.-l.-l!!l-l A ma

m S FFFFEI RS H 4 I EE EFFSEE FE I EF N N FEN S48 AN 484
llllllllllllll ol

rors s de nn

g -_l! N orm k -
' = I"- !"lul-ll.-ll Fat

-.l.-”-ll.qi.l
EF EErErCrEr
K e s n o l.-.ll.ll

L R .
" om S = ow x mom L]
e l..-_lI oo ol r - - =
mu - ] CRLIE 2 I R e O
- - o o mow ' P S R S N [
L ] A F F+ FkF A=k o=
) ) . R4+ +FdFFEFPFr -

- o
O __++++_.-._..__.++.._. ”... ._..”...”... L

-
1

LEm

- a -

m l.'.
I,.l. !. ' ..l..!.

LI

n
LI |

FIG. 13

. l.ll!lql “r " n " " a" l!- [

iy

m, l_.'l.

[y ]

LY

.
o et
P N
l\\l-l - 4 F 4 F+ A
4 FE b+ F 4 A d NS AR
LI e e
FE R P+ F A £ rra
EEE N N N
rrrrrrrrrrrrrr
LI L I I R
- l-l.- CEEIE SRR N I AE N
111111111
r LA PR N I B
. L. LI M
. e et e
ll-.l!- -l.l.-.-l-.l.lll_...-.-.
- ".-“-.-.l”.-“._.__




U.S. Patent Dec. 9, 2014 Sheet 9 of 15 US 8,907,944 B2

N

TR RN e
Ny
SN ‘*‘E‘a‘:}\ N
l.. l:&:::‘lﬂh l !l...l. L] .- \‘ “M

i




U.S. Patent Dec. 9, 2014 Sheet 10 of 15 US 8,907,944 B2

3380

I‘Il"llIlIlll‘lllIl'lIlllllllllIlIlIIllI‘II‘IlliIlllllllllll IIFI'lIl\III

LR .
LI I I '
- Ak koA -
kW 4 kT =k iw . - - . 4 - % R
- S e T e r r a m o mm ww - N N R R R I
LK i+ OO R EEELRR' A EEREEL K] 4 M EEEE R EEEA RN
LY RN EEE TR =k kb kA kT bk Ak kbt =k kv ko kot ok R R TR E IR E I E EEE LR ]
e T e T A T T e T T T LT T T T L U TA T T L, . Va e TaTa e e alataa gt a T T T T T e T N T T
L] w4 4 F + 4 4+ F A Fh ey kA AF oA C IR BN B B LB B UK BENE B I B R R U N UL N U B U I B N U I BOC B N B I )
A ke ok = rk bk dorr bk hh b b E bk - k4 LEEEE AR EEA T I R N I T N
. TR R 0 D D e N D LI PP I T T T T P T T L T T T
. I N N ko= ok h I EEEE AR EE L
I I I A R T R N I I A IR R EER # 4 4t F Ak chh ok
ST R T T TR LT, . e AT T, N R ] T ' TSR, -
AR REEEE L I E L A E L L E N M ERK] AR EE LN K] AR
R EEEEREEE R R - + + v Ak ok k o + v = ko ok R EEEEE] R EE Y
wa a a T T T T T T UTL LT T LT LT PR PO aa L T L L L T L T T T T T L T LT L,
LR EREE AR R T R ] + kT = R R EERRE] AR L EE E R
4 d v hF At oarF FFEA A ET o+ - + - + LB BN ] 4 v F vr4 4o+ hFAdddchFd kA
I T I N A N N e e + + Ak Ak kA A R R i+
e e T L T e e T e T T T e T e T T - e e e e e e T Y e M T T Y T e T T
" h +F A FFFFAFrFFrh - FF o FAFFEFFEATE R -+ 4 hF A Fd + + 4 =~ 42k +F - hhohhd A
R N N K EEEEE I E LR E EE N E N
T T T T T T T LT L Y LT LA LT T, - T araTaTaTL LY, T T LT T T LT
L I L EE N R K I EE L A E L
L] + 4 4 % F ¥+ %+ b2+ +d - FFFFEAFFFEroFF + + v = + T + 4 + 4 * + =+ F hF - FF FF AR
T I I D R N DL P I N N I E 2E PERE R LR I L
N E NN P A R X
RN N N N ) -k I R *
Iy N NN O T . . T T T T TG T AT .
B+ + 4+ 1 F F+Fr +rr et At - Fr kot FF T 4 + 4+ 1+ FF - FFFrd A -+ F
- R T N -
w S L T T T T L T T L T LT T T LT LT U T, a T T R N T a
L] 4 & - - +* ¥+ v 4 A r ¥+ FFror+ + r + v 4k 4 4 F dhohhFFAhod -
IR R N R N L L] -
- + 4 + - + Bk 4k F bk ko E TR - o+ R E I R -
N I N A N N N N N A N R N N N A ] NN I N I ] -
LR I A A e I I I S S e kY RN -
L A R e e N I I I e R T i R i ™ 4 o= ko k ok =k k choh Ak -
T T T Tt T T T T T T, T . 1 S I .
"% %+ A F+FFFFE T+ FFFFE s rFAdAAFrF o FF o 4 h hF vk F AR -
I N RN -
UL IE L U L R S N I N LPURE I N B DI e .,
RN N ko h i
LR 4 + ¥ 4 + *+ % v r F r ¥ 7 F v + T Ll + ‘li'i"""l‘
- N I A R M I N N -
AR N PO
- AR N N R N i B Y + F AW
a T AT TS T T T LT, - a
[ A EERE R TN
* 4+ = 4+ Fr 4 FF +FF rFEFFFAFEr-rr
[ B N S D
L] F + 4+ =+ F a4+ v+ =~ v v a2+ + 44
M bk hh e A ke kT hor k-
- R N T LT
LA
L] + F + + 4 + b ¥+ +
LI M) et et e .
% -+ At -+ FAdr LI ]
LI I N - N
e s e = e Ty T Ty mw
+ F 4 + + 7 F ¥+ + LI L IR
Akt = w kb Ao K]
AT T T T T T ama
F =+ FFAdT - 4 &
ir'i+ i++++ r++1+++ + + + -
AT T R T T e
, IR -
T+ b+ +F o FF
Lo N T T T T,
" h + R A+ Fr oA kA
I I
et TN T T N L
B+ -+ Rt - hAh o FFdF
RN
4+ " %k kA - T o dF
N R L
I RN
a4 + w4+ F +FF T+ F - r
R TR TR ' P
A EEEEAREEX R Foaor v ="a'a x4 v v
% - 4 h FF o ke ohF - B L L] +.....-‘|'r
EIC T I S N . ST
L UL I B I R B I T ] B A4 4% 44
EEEEEEEEXEE N » T
T T T O Y . .
RN - I |
L UL N B B B I B I B [ |
e e T T e s
AR LRI AN o
4 % vk %t oA ¥ FA "+
R RN N .+
e e T e T M N Y, -
k4 hh A r 1+
A EEEEEEE L] " -
AT LT T N N
LI I T N U I A N N ) -
TR L I
R [
LI RN B N I R L
ek hd A hh T
I B I D I P
"+ k4 hFhAEn
M EREE ] '
T L T Y .
LI BN B I N L]
LI S a
LR Ty
o w " '
L L B B L} L] “:_
P '
LR IEE ,
-
.
'
.- - -k + 1H‘H
N LR -
LR N B = % b+ + + 4 4T v rr okt
" n Tttt e iy
4 - - + r T L] -

L
[

AT

Sy . Iy
'.‘-\\ .
n '
L8 1
- ., '
e . o3
L :.‘}! | L T.

i

.
4

L] [ ]
1-1III"I

.

4+
- +i
= ok A+ N EN “i

LI L u

e " moe
RN

o B T R T
%+ =% r v
B d 1y T AT

-l-+1+1 1-11-'-11- + 11

O S T |
L I I B I

.
T

4

o

Ui

* 4+ % 1 + kA% AR
a [ iy Sy

ol

e

e R

.

FER FERFFFFFPFPFF PR AFFFSF L PP P FFPPFPFF R AP FFPFF A PP FF AT

PR e o

"

382

o

L
r d

L
*
4
-
+
+

+

14 + &

T
L)

LT AT,

LR A R e

+ Ll F o+ LI B |

7

"

AR
e
s

,

£
z
%

o

"

e
27

]
]

s

1
7

.
)

P

e

+
-

T T+ 1+t N

+
+

*

BRI
.+

Wt

-+ ¥+ &
+ 4 %

-
]

+
r +
= r & F FF1

+ + =

r +
T -
-
1

.
L

'i-"i-'l-

L

A ey
S L

_i‘_i-_ l-. LI ] ._i-_l_l

[ T I |
. PR s
T w1 e s rror 4

N

o
SR R
; ‘.}:\::i:-;t:i?:r:-"‘l . N Q ﬂﬁ‘.:% ‘\

-

s

g

m

o

4

o

aa . .
PPk s

i

= d

£/

e

'-:-.-.‘.,-”.-;-;;.5;:—.-:«.-* s ' RN ?&1}&}‘3\\\%\%&%‘& A ”::"';f': ‘%

FIG. 17




U.S. Patent Dec. 9, 2014 Sheet 11 of 15 US 8,907,944 B2

500
.

Access 3D image luf”“502

Access desired 3D mesh | 504

Calculated normal direction of a triangle on
the mesh and project the triangle on a 9006
coordinate plane

Calculate line equations of the edges of the
triangle and determine 2D grid points that | -—508
are inside the triangle

Calculate the third coordinate of the 2D gnid
points using plane equation of the triangle in |—7510
3D space

Are all
triangles on
the 3D mesh
checked?

No

Yes

Image extraction or other processing 514

FIG. 18
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METHOD AND SYSTEM FOR NAVIGATING,
SEGMENTING, AND EXTRACTING A
THREE-DIMENSIONAL IMAGE

BACKGROUND OF THE INVENTION

The subject matter described herein relates generally to
processing three-dimensional (3D) imaging datasets, and
more particularly, to a method and apparatus for navigating,
segmenting, and extracting a 3D 1mage dataset.

Automated segmentation methods are commonly used to
outline objects 1n volumetric image data. Various methods are
known that are suitable for 3D segmentation. Most of the
segmentation methods rely upon deforming an elastic model
towards an edge or edges 1n the volumetric image data. Accu-
rate segmentation of large quantities of 1images 1n a clinical
application 1s often difficult to accomplish because of the
complex and varied anatomy of the patient, image inhomo-
geneity, partial volume effect, and/or motion related imaging
artifacts. As a result, automatic 1mage segmentation algo-
rithms are typically adjusted using manual editing techniques
implemented by the operator. Manual editing 1s typically
performed on a slice-by-slice and a pixel-by-pixel basis after
the automatic segmentation algorithm i1s completed. Thus,
because a 3D i1mage dataset may include thousands of 2D
slices, the time required for an operator to perform manual
editing 1s often time consuming.

Moreover, manual editing of the segmentation results 1s
often difficult when the segmentations results must have
adequate precision to support clinical decision making.
Therefore, because manually editing of the segmentation
results 1s often time consuming, medical 1imaging applica-
tions that do not include highly accurate automatic 1image
segmentation algorithms may not be useful 1n a clinical set-
ting.

BRIEF DESCRIPTION OF THE INVENTION

In one embodiment, a method for navigating a three-di-
mensional (3D) image 1s provided. The method includes
accessing a 3D 1mage dataset, generating a 3D mesh corre-
sponding to a 3D segmentation result using the 3D 1image
dataset, displaying a 3D surface rendering of the 3D surface
mesh, and navigating the 3D 1image based on a manual input
received from a user indicated on the rendered 3D mesh.

In another embodiment, a medical imaging system 1s pro-
vided. The medical imaging system includes a computer pro-
grammed to access a 3D 1mage dataset, generate a 3D mesh
corresponding to a 3D segmentation result using the 3D
image dataset, display a 3D surface rendering of the 3D
surface mesh, and navigate the 3D 1mage based on a manual
input recerved from a user indicated on the rendered 3D mesh.

In a further embodiment, a non-transitory computer read-
able medium 1s provided. The computer readable medium 1s
programmed to instruct a computer to access a 3D 1mage
dataset, generate a 3D mesh corresponding to a 3D segmen-
tation result using the 3D 1mage dataset, display a 3D surface
rendering of the 3D surface mesh, and navigate the 3D 1image
based on a manual input recerved from a user indicated on the
rendered 3D mesh.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 115 a simplified block diagram of an exemplary imag-
ing system formed 1n accordance with various embodiments.
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FIG. 2 1s a flowchart illustrating an exemplary method of
navigating a three-dimensional (3D) image 1n accordance

with various embodiments.

FIG. 3 1s an exemplary 3D image that may be generated 1n
accordance with various embodiments.

FIG. 4 1s an exemplary 2D image that may be generated 1n
accordance with various embodiments.

FIG. S 1s sagittal view of a portion of the 3D 1image that may
be generated 1n accordance with various embodiments.

FIG. 6 1s coronal view of a portion of the 3D 1mage that may
be generated 1n accordance with various embodiments.

FIG. 7 1s an axial view of a portion of the 3D 1image that
may be generated in accordance with various embodiments.

FIG. 8 1s a flowchart 1llustrating an exemplary method of
segmenting a 3D 1image 1n accordance with various embodi-
ments.

FIG. 9 1s another exemplary 3D image that may be gener-
ated 1n accordance with various embodiments.

FIG. 10 1s another exemplary 2D image that may be gen-
erated 1n accordance with various embodiments.

FIG. 11 1s a flowchart illustrating an exemplary method of
editing a 3D surface mesh in accordance with various
embodiments.

FIG. 12 1s another exemplary 2D 1image that may be gen-
erated 1n accordance with various embodiments.

FIG. 13 1s another exemplary 2D image that may be gen-
erated 1n accordance with various embodiments.

FIG. 14 1s another exemplary 2D image that may be gen-
erated 1n accordance with various embodiments.

FIG. 15 1s an 1llustration of an exemplary mesh that may be
generated 1n accordance with various embodiments.

FIG. 16 1s another exemplary 3D image that may be gen-
erated 1n accordance with various embodiments.

FIG. 17 1s another exemplary 3D image that may be gen-
erated 1n accordance with various embodiments.

FIG. 18 1s a flowchart illustrating an exemplary method of
extracting a 3D 1image from a 3D 1mage dataset in accordance
with various embodiments.

FIG. 19 1s an exemplary model illustrating the method
shown 1n FIG. 18.

FIG. 20 illustrates an exemplary surface mesh that may be
generated 1n accordance with various embodiments.

FIG. 21 1s an 1image of an organ that may be generated using,
the surface mesh shown 1n FIG. 20.

FIG. 22 1s 2D image of a portion of an organ and an
exemplary surface mesh that may be generated 1n accordance
with various embodiments.

FIG. 23 1s an 1mage of a 2D slice that may be extracted
using the surface mesh shown 1n FIG. 22.

FIG. 24 1s an exemplary imaging system formed in accor-
dance with various embodiments.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the invention will be better understood
when read 1n conjunction with the appended drawings. To the
extent that the figures 1llustrate diagrams of the functional
blocks of various embodiments, the functional blocks are not
necessarily indicative of the division between hardware cir-
cuitry. Thus, for example, one or more of the functional
blocks (e.g., processors, controllers or memories) may be
implemented 1n a single piece of hardware (e.g., a general
purpose signal processor or random access memory, hard
disk, or the like) or multiple pieces of hardware. Similarly, the
programs may be stand alone programs, may be incorporated
as subroutines 1n an operating system, may be functions 1n an
installed software package, and the like. It should be under-
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stood that the various embodiments are not limited to the
arrangements and instrumentality shown 1n the drawings.

As used herein, an element or step recited 1n the singular
and proceeded with the word “a” or “an” should be under-
stood as not excluding plural of said elements or steps, unless
such exclusion 1s explicitly stated. Furthermore, references to
“one embodiment” are not mntended to be interpreted as
excluding the existence of additional embodiments that also
incorporate the recited features. Moreover, unless explicitly
stated to the contrary, embodiments “comprising” or “hav-
ing”” an element or a plurality of elements having a particular
property may include additional such elements not having
that property.

Various embodiments provide systems and methods for
navigating a three-dimensional (3D) image, methods for gen-
erating a 3D mesh, and methods for extracting a 3D volume of
interest. Specifically, various embodiments access a 3D
image dataset, generate a 3D mesh corresponding to a 3D
segmentation result using the 3D image dataset, display a 3D
surface rendering of the 3D surface mesh, and enable an
operator to navigate the 3D image based on a manual 1nput
received from a user indicated on the rendered 3D mesh.
Thus, by practicing various embodiments, one technical
elfect 1s reduced time utilized to render, segment, and/or
extract, a 3D 1mage.

FIG. 1 1s a simplified block diagram of an exemplary imag-
ing system 10 that 1s formed 1n accordance with various
embodiments. In the exemplary embodiment, the 1maging
system 10 1s a MM system. In operation, the system 10 1s
configured to induce a population of spins 1into a subject 12 to
produce a set of nuclear magnetic resonance (NMR) signals
that represent a three-dimensional (3D) 1image dataset 14 of at
least a portion of the subject 12. The imaging system 10 also
includes a computer 20 that recerves the 3D 1mage dataset 14.
The computer 20 processes the 3D 1image dataset 14 to recon-
struct a 3D 1mage 22 of an area of interest of the subject12. In
various embodiments, the computer 20 may include a 3D
image navigation module 30 that 1s programmed to enable an
operator to navigate the 3D 1image 22 based on a manual input
received from an operator. The computer 20 may also include
a segmentation module 32 that 1s programmed to segment the
3D 1mage dataset 14 to generate a segmented 3D 1mage 22.
The computer 20 may further include an object extraction
module 34 that 1s programmed to extract a 3D 1mage of an
exemplary object or organ (not shown) from the 3D image
dataset 14. It should be noted that the modules 30, 32, and 34
may be implemented 1in hardware, software, or a combination
thereol. For example, the modules 30, 32, and 34 may be
implemented as, or performed, using tangible non-transitory
computer readable medium.

FIG. 2 1s a flowchart of an exemplary method 100 for
navigating a 3D image utilizing an 1maging system, such as
the 1maging system 10 shown 1n FIG. 1. In the exemplary
embodiment, image navigation 1s performed by the 3D 1image
navigation module 30 based on a manual 1nput received from
the operator. However, it should be realized that the various
embodiments of navigating the 3D i1mage may be imple-
mented using any 1maging system and the 1imaging system 10
shown 1n FIG. 1 1s one embodiment of such an exemplary
imaging system. The method 100 may be embodied as a set of
instructions that are stored on the computer 20 and/or the
navigation module 30, for example.

At 102, an imaging scan of the subject 12 1s performed to
generate the raw 1image dataset 14, also referred to herein, as
a 3D volumetric dataset. More specifically, the imaging sys-
tem 10 performs a scan to generate the NMR signals. In the
exemplary embodiment, the imaging system 10 1s configured
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to perform a scan of a region of interest that includes, for
example, the brain. Accordingly, the 3D 1image dataset 14 1s a
set of 3D data that 1s represented by three orthogonal axes
acquired over a predetermined time period of the brain and at
least some of the regions surrounding the brain. The 3D image
dataset 14 1s representative of NMR signals of the region of
interest including the brain. It should be realized that although
various embodiments are described with respect to imaging a
brain, the various embodiments may also be utilized to image
other organs and the brain 1s an example of one such organ.

At 104, a segmentation algorithm 1s performed on the 3D
image dataset 14 to separate image data related to the brain
from i1mage data related to other anatomical features. In
operation, the segmentation algorithm 1s configured to locate
objects of interest, such as the brain, and separate 1mage data
of the brain from 1mage data of surrounding objects of lesser
or no interest (e.g. lower clinical relevance).

The segmentation algorithm uses a principle, whereby 1t 1s
generally assumed that bones and fluid surrounding the brain,
and other anatomical features, may be differentiated from the
brain by determining the density of each voxel 1n the image
data. The density generally represents the intensity value of
the voxel. Based on the density values of each of the voxels,
the brain may be distinguished from the other anatomical
teatures. Accordingly, at 104 the segmentatlon algorithm uti-
lizes a surface mesh (discussed 1n more detail below) to
automatically compare the density value for each voxel in the
image dataset 14 to a predetermined density value, using for
example, a thresholding process. In the exemplary embodi-
ment, the predetermined density value may be a range of
predetermined density values. The predetermined density
value range may be automatically set based on a prior1 infor-
mation of the brain. Optionally, the predetermined range may
be manually mput by the operator. In one embodiment, 11 the
density value of a voxel 1s within the predetermined range, the
voxel 1s classified as belonging to the brain. Otherwise, the
voxel 1s classified as not belonging to the brain. It should be
realized that the segmentation algorithm may also be utilized
with other segmentation techniques to i1dentify the brain.
Additionally, as should be appreciated, other suitable seg-
mentation algorithms may be used.

Accordingly, at 104 the image data in the image dataset 14
of the brain, for example, voxel information that 1s identified
using the segmentation algorithm, 1s utilized to generate a
dataset that includes voxel information representing the
brain. Separating the voxel information by removing data that
1s not of interest (e.g., substantially everything that is external
to the brain) from the original 1image dataset 14, facilitates
reducing the number of voxels remaining to be processed. In
the exemplary embodiment, the segmentation described at
104 1s implemented using a 3D mesh 214 (shown 1n FIGS.
5-7). The 3D mesh 214 may be a seed algorithm or other
suitable algorithm.

At 106, the segmented information of the brain identified at
104 1s utilized to generate and display a 3D 1mage of the brain.
For example, FIG. 3 illustrates an exemplary 3D surface
rendering 200 of a bramn 202 that may be generated and
displayed using the information acquired at 104. Addition-
ally, a plurality of two-dimensional images, including the 3D
mesh 214 may be displayed concurrently with the 3D 1image
200. For example, FI1G. 4 illustrates an exemplary two-dimen-
sional (2D) 1image 204 of the brain 202 that may be generated
and displayed at 106. It should be realized that although FIG.
4 1s a sagittal view of the brain 202, a coronal and/or an axial
view of the brain 202 may also be generated and displayed to
the operator concurrently with the 3D 1image 200 of the brain
202. For example, FIG. § illustrates a side view of the 3D
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mesh 214, FI1G. 6 1llustrates a front view of the 3D mesh 214,
and FIG. 7 illustrates a bottom view of the 3D mesh 214.

In operation, the 3D mesh 214 1s configured to automati-
cally encapsulate the brain 202 such that the brain 202, or any
other selected organ, tissue, or bone, 1s fully enclosed by the
mesh 214. More specifically, the 3D mesh 214 1s configured
to automatically segment the brain 202 from the surrounding,
tissue, fluids, and or bones.

In the exemplary embodiment, the mesh 214 1s defined by
a plurality of vertices or mesh points 220. More specifically,
cach of the mesh points 220 represents a different coordinate
in 3D space. In operation, the mesh 214 may be utilized to
enable an operator to visually observe the results of the auto-
matic segmentation performed at 104 to determine whether
the mesh 214 fully encapsulates areas of interest or includes
areas that are not of interest.

Referring again to FI1G. 2, at 108 the 3D mesh 214 may be
utilized to navigate the 3D 1image 202 based on a manual input
received from a user indicated on the rendered 3D mesh 214.
To manually navigate the 3D image 202, the operator may
manually rotate the 3D 1mage 1n three axes to a user selected
orientation, for example, the orientation shown in FIG. 3.
More specifically, an operator may position a cursor at aplace
where the cursor’s projection on the 3D brain surface 231 1s
230. Three mmages representing three orthogonal slices
including point 230 are displayed. An example of one such
slice 1s shown as the sagittal slice 204 shown 1n F1G. 4, where
the corresponding position of 230 1n the sagittal view 1s at the
frontal lobe. It 1s clear that at this location the frontal part of
the brain 1s cut by the segmentation mesh. Optionally, the
three orthogonal slices that are displayed may be displayed
concurrently with the movement of the cursor 230. For
example, as the operator repositions the cursor 230 on the 3D
image 200, the three orthogonal slices are automatically dis-
played 1n real time with the movement of the cursor 230.

Thus, the operator may reposition the cursor 230 to differ-
ent areas of 1nterest on the 3D 1mage 202 and concurrently
view the 2D 1mages of the three orthogonal slices represented
by the location of the cursor 230. In this manner, the operator
may quickly and easily 1dentily areas of interest and concur-
rently determine whether the mesh 214 1s at a desired location
by viewing the 2D 1images 204, which include a visual depic-
tion of the mesh 214 at the location indicated by the cursor
230.

In another embodiment, the operator may reposition the
cursor 230 on any one of the 2D images. Again, once the
cursor 230 1s positioned at a selected point on a 2D 1mage,
such as 2D 1mage 204 for example, the 3D 1mage 202 and the
remaining 2D 1mages represented by the location of the cur-
sor 230 are automatically updated and displayed.

Thus, various embodiments described herein enable an
operator to manually select at least one point on the 3D
rendered mesh 214 or on the 3D 1mage 202 and concurrently
display three orthogonal slices including 3D mesh points 220
overlaid on the three orthogonal slices based on the selected
point corresponding to the 3D location and the user selected
orientation. Moreover, the displayed images may be utilized
to enable an operator to manually locate areas of interest that
are outside the mesh 214 and/or areas of non-interest that are
inside the mesh 214.

FIG. 8 1s a flowchart of an exemplary method 300 for
segmenting a 3D i1mage utilizing the imaging system 10
shown 1 FIG. 1. In the exemplary embodiment, the image
segmentation 1s performed by the 3D 1mage segmentation
module 32 based on a manual input received from the opera-
tor. However, 1t should be realized that the various methods of
segmenting the 3D 1mage may be implemented using any
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imaging system and the imaging system 10 shown in FIG. 1 1s
one embodiment of such an exemplary imaging system. The
method 300 may be embodied as a set of instructions that are
stored on the computer 20 and/or the segmentation module
30, for example.

At 302, similar to 102, an 1imaging scan of the subject 12 1s
performed to generate the raw image dataset 14. As discussed
above, 1n the exemplary embodiment, the image dataset 14 1s
a 3D volumetric dataset.

At 304, similar to 104, a segmentation algorithm 1s auto-
matically performed on the 3D 1image dataset 14 to separate
image data related to the brain from 1mage data related to
other anatomical structures. In operation, the segmentation
algorithm 1s configured to locate objects of interest, such as
the brain, and separate image data of the brain from 1mage
data of surrounding objects of lesser or no interest. Accord-
ingly, although various embodiments are described with
respect to imaging the brain, other organs of interest may be
imaged and segmented as described herein. In the exemplary
embodiment, the segmentation algorithm utilizes a surface
mesh, such as mesh 214, to automatically compare the den-
sity value for each voxel in the image dataset 14 to a prede-
termined density value, such as using a thresholding process.
Additionally, as should be appreciated other suitable segmen-
tation algorithms may be used.

At 306, the segmented information of the brain identified at
304 1s utilized to generate and display a 3D image of the brain,
for example, the 3D surface rendering 200 of the brain 202
shown 1n FIG. 3. Additionally, three 1images representing
three different orthogonal slices may be generated. For
example, FIG. 4 1llustrates a two-dimensional (2D) image
204 of the brain 202 that may be generated at 306. It should
again be realized that although FIG. 4 15 a sagittal view of the
brain 202, a coronal and/or an axial view of the brain 202 may
also be generated and displayed to the operator concurrently
with the 3D 1image 200 of the brain 202. For example, FIG. 5
illustrates the side view of the 3D mesh 214, FIG. 6 illustrates
the front view of the 3D mesh 202, and FIG. 7 illustrates the
top view of the 3D mesh 202.

In operation, the 3D mesh 214 1s configured to automati-
cally encapsulate the brain 202 such that the brain 202, or any
other selected organ, tissue, or bone, 1s fully enclosed by the
mesh 214. More specifically, the 3D mesh 214 1s configured
to automatically segment the brain 202 from the surrounding
tissue, flmids, and or bones.

Referring again to FIGS. 5-7, the mesh 214 1s defined by
the plurality of mesh points 220 wherein each of the mesh
points 220 represents a different coordinate 1n 3D space. In
the exemplary embodiment, at least some of the mesh points
may be assigned a color that represents an intensity value, or
brightness, of the voxel at the respective 3D coordinate rep-
resented by the point. The color may be represented as gray
scale values based on the intensity value. Optionally, the color
may be represented as different colors, e.g., red, blue, green,
etc. For example, a point 222 may be represented using a light
gray color indicating the intensity value at this location 1s
relatively low. Moreover, a point 224 may be represented as a
black color indicating that the intensity value at this location
1s relatively high. The color mesh points 220 enable an opera-
tor to visually determine whether the mesh 214 has fully
encapsulated the object of interest, e.g., the brain 202. In
operation, the colored mesh 214 may be utilized to enable an
operator to visually observe the results of the automatic seg-
mentation performed at 104 to determine whether the mesh
214 fully encapsulates areas of interest or includes areas that
are not of interest.
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Referring again to FIG. 4, 1n the exemplary embodiment,
the mesh 214 does not fully encapsulate the brain 202 as
desired. As a result, the mesh 214 1s located such that at least
a portion of the brain, indicated by a point 230, lies, at least
partially outside the mesh 214 for example, referring again to
FIG. 3, the lightly shaded regions, such as a region 210,
represent areas outside the mesh 214. Additionally, the dark
shaded regions, such as a region 212, represent the brain 202,
itself.

Referring again to FI1G. 8, at 308 the 3D mesh 214 may be
utilized to i1dentily areas of the selected organ that are not
within the 3D mesh 214. To identify areas that are not within
the mesh 214, the operator may manually rotate the 3D 1mage
in three axes to a user selected orientation, for example, the
orientation shown in FIG. 3. More specifically, to identily
areas ol 1nterest, an operator may position the cursor 230 on
the 3D mmage 200. Once the cursor 230 1s positioned at the
desired point on the 3D image, the operator may manually
click the selected point, using a mouse for example. Once a
point 1s selected, three orthogonal slices including the 3D
mesh points 220 overlaid on the three orthogonal slices are
displayed. An example of one such slice 1s shown as the
sagittal image 200 shown 1n FIG. 4. Optionally, the three
orthogonal slices are displayed may be displayed concur-
rently with the movement of the cursor 230. For example, as
the operator repositions the cursor 230 on the 3D 1mage 200,
the three orthogonal slices are automatically displayed 1n real
time with the movement of the cursor 230.

Thus, the operator may reposition the cursor 230 to ditfer-
ent areas of 1terest on the 3D 1mage 200 and concurrently
view the 2D 1images of the three orthogonal slices represented
by the location of the cursor 230. In this manner, the operator
may quickly and easily identify areas of interest and concur-
rently determine whether the mesh 214 1s at a desired location
by viewing the 2D 1mages 204 which include a visual depic-
tion of the mesh 214 at the location indicated by the cursor
230.

In another embodiment, the operator may reposition the
cursor 230 on any one of the 2D images. Again, once the
cursor 230 1s positioned at a selected point on a 2D 1mage 204,
the 3D 1image 200 and the remaining 2D 1mages represented
by the location of the cursor 230 are automatically updated
and displayed.

Referring again to FIG. 8, at 310, a size or location of the
mesh 214 may be manually adjusted based on the determina-
tion made at 308. More specifically, the mesh 214 may be
adjusted to remove undesired areas that are currently encap-
sulated by mesh 214 or to add desired areas that are currently
not encapsulated by the mesh 214. For example, referring
again to FIG. 4, the mesh 214 may be adjusted to such that the
lightly shaded region 210, which represent an area outside of
the brain 202 1s removed from the segmentation information.

To resize the mesh 214, and thus remove undesired areas or
add desired areas, the operator may position the cursor 230 at
any point on any one of the 2D 1mages such as point 242
shown on the image shown 1n FIG. 4. For example, in one
embodiment, the operator may manually position the cursor
at the point 230 as shown in FIG. 3. The corresponding
position of 230 1n the sagittal view 1s shown 1n FIG. 4. It 1s
clear some brain areas near the point 230 are cut by the
segmentation mess. The operator may manually click a point
242 at or near point 230 where you want segmentation mesh
to reach. The mesh 214 1s automatically resized in three
dimensions using point 242 as reference. Moreover, arevised
3D image and a set of revised 2D 1mages are automatically
displayed. For example, FI1G. 9 represents arevised 3D image
250 showing the results of the 3D segmentation based on the
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resized mesh 214. Moreover, FIG. 10 1s a 2D image 252
generated and displayed based on the resized mesh 214,
which includes the mesh 214 located at the revised position
indicated by the cursor position 230. Again, 1t should be
realized that although only the sagittal view of the resize mesh
214 15 shown, that 1n the exemplary embodiment, a coronal
view or a axial view ol the revised mesh 214 may be displayed
concurrently with the sagittal view shown as image 252.

In the exemplary embodiment, the mesh 214 may be
resized at 310 using an iterative geometry-based image
mampulation method (GIMM E). In operation, GIMMIE
enables an operator to view a 3D 1image of the organ of interest
with the segmentation mesh 214 overlayed on the organ. The
operator may then manually manipulate the mesh 214 while
visualizing the image and the mesh 214. GIMMIE enables the
operator to select a “pull pomt” such as the point 242. GIM-
MIE then automatically resizes the mesh 214 based on the
position of the reference point 242 selected by the operator. In
another embodiment, the operator may select a pull point to
resize the mesh on any one of the 2D images. GIMMIE
operates independent of 1mage properties. After the mesh
mampulations are completed, the desired VOI 1s extracted
and used to generate a revised 3D image of the organ of
interest.

In the exemplary embodiment, moditying the size or loca-
tion of an exemplary mesh, such as mesh 214, using GIM-
MIE, may be provided using a method 400 shown 1n FIG. 11.
As shown 1n FIG. 11, at 402 at least one, and preferably a
plurality of views of the 3D image dataset are displayed
concurrently with an mnitial 3D surface mesh 350 overlayed
on each of the views. For example, FIG. 12 illustrates an
exemplary sagittal image 360 having a mesh 350 overlayed
thereon. FIG. 13 illustrates an exemplary axial image 362
having the mesh 350 overlayed thereon. FIG. 14 illustrates an
exemplary coronal image 364, cach having the mesh 350
overlayed thereon.

Referring to FIGS. 11 and 15, at 404, a pull point on the
initial 3D mesh 350, such as pull point 242, 1s selected by the
operator as discussed above. For simplicity, the pull point 242
1s also referred to herein as the “end point” 242, which rep-
resents the location in which the operator desires to reposition
a portion of the mesh 350. At 406, a point on the mesh surface
that 1s closest to the pull point 242 1s identified. In the exem-
plary embodiment, the mesh point 240 shown 1n FIG. 15 1s
determined to be closest to the pull point 242.

At 408, the adjusting distance of the mesh point 240 1s
determined by calculating a difference between the coordi-
nates of the pull point 242 and the coordinates of the mesh
point 240. The adjusting direction 1s also determined by the
points 242 and 240. The vertex at point 240 1s then moved to
the pull point 242. The effective radius of the update area on
the mesh surface can be preselected or calculated by analyz-
ing the shape of the image surface. The update area on the
image surface 1s centered at mesh point 240. At 410, the steps
404 to 408 are repeated until all the vertices within the update
area are calculated and adjusted to the revised position indi-
cated by the pull point 242 while concurrently displaying a
revised 3D 1mage 200 and revised 3D mesh shown 1n FIGS.
12-14. More spemﬁcally, as each pull point 242 1s selected by
the operator, the 3D 1mage 200 and the 2D images showing
the revised location of the mesh 350 are automatically
updated in real time to retlect the revised location of the mesh
350. Referring again to FIG. 11, at 412, steps 404-410 are
repeated for each portion of the mesh 350 that the operator
desires to reposition. It should be realized that each portion of
the mesh 350 may be repositioned by manually selecting a
pull point at the point on the 1image that the operator desires to
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move the mesh. At 414, a region encompassed by the reposi-
tioned mesh 1s extracted as discussed 1n more detail below.

In the exemplary embodiment, adjusting the size of the
initial mesh 350 1s implemented by calculating a distance
between the pull point 242 and the selected point 240 that
represents the nearest vertex to the point 242. For each vertex
in the area defined between the pull point 242 and the point
240, a vertex shift distance and shift direction are calculated.
The calculated shift distance and shift direction are then uti-
lized to update the visual location of the mitial mesh 350 1n
real time.

For example, FIG. 15 1llustrates an 1nitial position of the
mesh 350. The mesh 350 1s defined by the plurality of vertices
or mesh points 220. The plurality of mesh points 220 there-
fore define a surface 352 of the imitial mesh 350 at the 1nitial
position. The surface 352 represents the location of the mesh
350 indicated by the mesh point 240. In the exemplary
embodiment, the mesh 350 may be defined by a plurality of
polygons such as triangles or squares wherein each vertex has
multiple neighboring vertices. Moreover, point 242 repre-
sents the point 1n 3D space to which the operator desires to
move a portion of the mesh 350. Accordingly, 1n operation,
the operator clicks on the pull point 242. The segmentation
algorithm automatically identifies a local area around the
mesh point 240 and transitions the local area to the revised
area 356. In the exemplary embodiment, the transition to the
revised area 356 1s substantially smooth and the edge of the
revised area 356 1s smoothly transitioned to the original mesh
surface 352.

In the exemplary embodiment, the initial mesh 350 may
have any shape. In the embodiment described herein, a sur-
face 352 of the mesh 350 is shaped to conform to the brain
202. However, 1t should be realized that the mesh surface 352
may have any shape to conform to an organ having any shape.
Accordingly, 1n operation, for each vertex in the mesh, its
neighbor vertices are calculated. The initial mesh 350 1s then
positioned 1n the head image 200 for auto-deformation. The
auto-deformation method then drives each vertex on the brain
mesh 214 moving towards the brain surface to generate an
image that includes the final mesh 358. For example, FIG. 16
illustrates an exemplary image 380 showing the location of
the mitial mesh 350 at the mesh point 240. Additionally, FIG.
17 illustrates an exemplary image 382 showing the location of
the final mesh 358 at the pull point 242 after being automati-
cally adjusted as described herein. In operation, shifting or
moving the 1nitial mesh 350 from the point 240 to the point
242 includes editing hundreds or thousands of vertices on the
mesh surface 352 three-dimensionally using only a single
click. In one embodiment, editing may include editing more
or less than hundreds or thousands of vertices.

More specifically, referring again to FIG. 135, in operation
the operator selects the pull point 242. The coordinates of the
pull point 242 are identified, using for example, the segmen-
tation module 32. At 408, an adjusting distance between the
pull point 242 and the nearest mesh point 240 1s determined
by calculating a difference between the coordinates of the pull
point 242 and the coordinates of the point 240. The vertices of
the 1nitial mesh 350 are adjusted while concurrently display-
ing a revised 3D i1mage 200 and revised images shown 1n
FIGS. 12-14.

More specifically, in operation, the operator selects the pull
point 242. The module 32 then searches for a vertex on the
mesh surface that 1s closest to the pull point 242, such as for
example, a vertex 240. A radial size of an update area 392 i1s
then determined by the curvature of the surface 352 or uses a
predetermined value. In one embodiment, if the size of the
update area 392 1s relatively larger, a radial size of the update
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arca 392 1s selected be between, or example, approximately
80 and 100mm. Optionally, 1f the radial s1ze of the update area
392 1s relatively small, the radial size of the update area 392
may be selected between, for example, approximately 40 and
60 mm. It should be realized that update area 392 may have
different s1zes than the exemplary sizes described herein. The
segmentation module 32 calculates the direction of the sur-
face updating based on the movement of the point 240 to the
point 242, using for example, a direction vector that indicates
the radial movement and magnitude of the changes.

For example, the updating direction 244 1s parallel to a line
extending between points 240 and 242. In the exemplary
embodiment, the vertices 1n the updating area 392 are parallel
shifted. To generate a smooth transition between the surface
352 and the surface 358, the shift distance of each vertex 1s

calculated consistently with a damping factor o that 1s deter-
mined by the update radius. Thus, 3D updating 1s stmplified
as a 1D calculation.

In the exemplary embodiment, the shift function utilized to
parallel shift the vertices may be calculated 1n accordance
with:

Equation 1

12
s(v;) = l-exp(— ) ]

2oz

where: 1 1s the distance between the end point 242 and the
closest vertex;

d(v,) 1s the distance between the vertex v, and to a line
connecting point 240 and point 242; and

O 1s the damping factor utilized to control the damping of
the shift distance for each vertex 1n the updating area 392.

In the exemplary embodiment, to enable the final mesh 358
to smoothly merge with the initial mesh 350 in the boundary
of the updating area 392, o 1s set smaller than R/3. Where R
1s the radial size of the updating area. The position of the final
mesh 358 1s then calculated 1n accordance with:

F'(Vf):}'}ﬂ(vf)‘hg (Vf)'?; Equation 2

where 1 is the direction from point 240 to point 242; and

FD and p' are the original and updated vertex positions.
The processing steps of 3D mesh editing are shown 1n the
FIG. 11.

Referring again to FIG. 11, at 412, steps 404-410 are
repeated until the mesh 214 1s at the location desired by the
operator, e.g. until the operator 1s satisfied with the 3D region
defined by the 3D surface mesh 214. At 414, the region
bounded by the 3D mesh may be extracted as a revised 3D
image. More specifically, the region encapsulated by the 3D
mesh may be extracted to form a separate 3D 1mage that
includes only the information selected by the operator to be
within the 3D mesh.

Various embodiments described above provide an editing
tool that multiple 1mage points to be updated 1n a single
operation. The updated image surface 1s smooth and natural.
The various embodiments enable an operator to manually
select at least one point on the 3D rendered mesh 214 or on the
3D mmage 200 and concurrently display three orthogonal
slices including 3D mesh points 220 overlaid on the three
orthogonal slices based on the selected point corresponding
to the 3D location and the user selected orientation. More-
over, the displayed images may be utilized to enable an opera-
tor to manually resize the mesh to either add areas of interest
or delete areas that are not of interest. The various embodi-



US 8,907,944 B2

11

ments are implemented 1n real time and may be used different
applications 1n different modalities.

FIG. 18 15 a flowchart illustrating an exemplary method
500 of extracting a 3D 1image from a 3D 1mage dataset. In the
exemplary embodiment, the object of interest 1s the brain 202.
However, 1t should be realized that the method 400 may be
utilized to extract any object of interest within a 3D 1mage
dataset. In the exemplary embodiment, the image extraction
1s performed by the 3D 1mage extraction module 34 (shown 1n
FIG. 1) based on a manual iput recerved from the operator.
However, 1t should be realized that the various methods of
extracting the 3D image may be implemented using any
imaging system and the imaging system 10 shown in FI1G. 1 1s
one embodiment of such an exemplary imaging system. The
method 500 may be embodied as a set of 1instructions that are
stored on the computer 20 and/or the segmentation module
30, for example.

At 502, an 1imaging scan of the subject 12 1s performed,
similar to 102 and 302, to generate the raw 1image dataset 14.
As discussed above, 1n the exemplary embodiment, the image
dataset 14 1s a 3D volumetric dataset.

At 504, a desired 3D mesh 1s placed on a region of interest
of the 3D 1image. In operation, the desired mesh 1s configured
to locate objects of interest, such as the brain, and segment
separate image data of the brain from 1mage data of surround-
ing objects of lesser or no interest. Accordingly, although
various embodiments are described with respect to 1maging
the brain, other organs of interest may be imaged and seg-
mented as described herein. In the exemplary embodiment,
the surface automatically compares the density value for each
voxel 1n the image dataset 14 to a predetermined density
value, such as using a thresholding process. The desired mesh
may be defined by a plurality of polygons such as triangles or
squares wherein each vertex has multiple neighboring verti-
ces. In the exemplary embodiment, the desired mesh 1s
defined by a plurality of triangles.

At 506, anormal direction of a triangle forming the desired
mesh 1s calculated and projected on a coordinate plane. FIG.
19 1llustrates an exemplary triangle 550 that forms part of a
desired mesh 552. As shown 1n FIG. 19, the tnangle 550 1s
projected onto an exemplary surface or projection plane 554
in accordance with various embodiments. The projected tri-
angle 1s depicted as triangle 556. The surface plane 554 is
defined by an x-axis 560 and a y-axis 562. Moreover, the
projection space 1s defined by the x-axis 560, the y-axis 562,
and a z-axis 564.

Accordingly, the coordinates of the triangle 550 are defined
as (x1,v1, z1), (x2, y2, z2), and (x3, y3, z3) wherein (x1, y1,
z1) represents a first point or corner 570 of the triangle 550,
(x2, y2, z2) represents a second point or corner 572 of the
triangle 550, and (x3, y3, z3) represents a third point or corner
574 of the triangle 550. Moreover, the coordinates of the
projected triangle 556 are defined by (x1, y1) which repre-
sents a first point or corner 580 of the triangle 556, (x2, y2)
which represents a second point or corner 382 of the triangle
556, and (x3, y3) which represents a third point or corner 584
of the triangle 556.

The method 500 also includes 1dentifying grid points that
are located inside the projected triangle 556. At 508, line
equations of the edges of the triangle are calculated and 2D
orid points that are inside the triangle are determined. To
identify the grid points located inside the projected triangle
556, and referring again to FIG. 19, a line 596 1s formed to
divide the (x, v) plane into two parts defined between the first
point 580 and the second point 382. In the exemplary embodi-
ment, the line 596 (v) 1s calculated 1n accordance with:
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- y2 — vl y2 — vyl Equation 3

Y= xQ—xlx-l_yl_xQ—xlm

In the exemplary embodiment, the x and y search areas of
Equation 3 are limited to a rectangle that 1s described as:

min(x1, x2, x3)sx=max(x1, x2, x3)

min(vl, y2, v3)<y=max(vl, y2, v3) Equation 4

To determine whether a grid point, such as a grid point 600,
1s located inside the projected triangle 356, the position of the
line v to a position of the third point 584 (x3, y3) of the
projected triangle 1s calculated at 510. More specifically, the
line v described 1n Equation 3 divides the (X, y) projection
plane 554 1nto two parts. IT a selected grid point 1s not on the
same side as the third point 602 (x3, y3) or on the line 596, the
selected grid point 1s determined to be outside the projected
triangle 586. In the exemplary embodiment, the line passing
through the third point 602 (x3, y3) location may be deter-
mined using Equation 3 and the coordinates of the third point
585 (x3, y3). Similarly, the lines passing through the first and
second points 380 and 382 (x2, y2) and (x3, y3), may be
calculated in the same manner as the line passing through the
third points 584 to identily grnid points in the rectangular
search space, but are not inside the projected triangle 556. The
orid points remaining in the rectangle search area are then
selected to be interpolated as discussed 1n more detail below.

For each grid point that 1s bounded by the triangle 356, the
third coordinate z can be calculated from Equation 5. At 512,
steps 506-510 are repeated for each triangular portion form-
ing the desired mesh 552 to generate an enclosed 3D masking
surface:

y—vyl z-zl Equation 3

x2—-x1 v2-yl z2-1zI1

x—xl

x3—-x1 y3-vl z3-1zI1

At 514, the volume encapsulated by the final 3D surface
mesh 1s extracted. In the exemplary embodiment, the maxi-
mum and mimimum coordinates of the final 3D surface mesh
in three directions are calculated to identify the 3D volume
selected for extraction 1 accordance with Equation 5.
Accordingly, each point in the desired mesh 552 1s checked in
three directions to determine the whether the point 1s mside
the enclosed mesh. If the selected point 1s inside the mesh, the
data of the point 1s extracted to generate the 3D 1mage.

For example, FI1G. 20 1s an image of the 1initial 31D mesh 552
and FIG. 21 a 2D image of the brain encapsulated by the
initial mesh 552. As shown 1n FI1G. 20, the black squares 610
are the vertices on the mesh surface 552 and the white squares
612 are the interpolated points derived as discussed above.
Together, the white and the black squares 610 and 612 create
a complete enclosed surface mesh 614. Moreover, FI1G. 22 1s
a coronal view 620 of the brain 202 including the final surface
mesh 614 and FIG. 23 1s a 2D slice 622 of the brain 202 that
may be generated using the final surface mesh 614.

A technical effect of various embodiments enables auto-
matic searching for the interpolation points 1 3D grid space
and creating a complete set of 3D interpolation points. The
original mesh vertices and the searched interpolation points
form a complete 3D surface that encloses an 1image volume to
be extracted. More specifically, various embodiments, project
cach mesh triangle onto a 2D plane to search for 3D interpo-
lation points that are enclosed in the triangle.
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FIG. 24 1s a schematic block diagram of the 1imaging sys-
tem 10 shown 1n FIG. 1. In the exemplary embodiment, the
imaging system 10 1s an MM system and also includes a
superconducting magnet 700 formed from magnetic coils
supported on a magnet coil support structure. However, 1n
other embodiments, different types of magnets may be used,
such as permanent magnets or electromagnets. A vessel 702
(also referred to as a cryostat) surrounds the superconducting
magnet 700 and 1s filled with liquid helitum to cool the coils of
the superconducting magnet 700. A thermal 1nsulation 704 1s
provided surrounding the outer surface of the vessel 702 and
the inner surface of the superconducting magnet 700. A plu-
rality of magnetic gradient coils 706 are provided within the
superconducting magnet 700 and an RF transmit coil 708 1s
provided within the plurality of magnetic gradient coils 706.
In some embodiments the RF transmit coil 708 may be
replaced with a transmit and recerve coil as described 1n more
detail herein. The components described above are located
within a gantry 710 and generally form an imaging portion
712. It should be noted that although the superconducting
magnet 700 1s a cylindrical shaped, other shapes of magnets
can be used.

A processing portion 720 generally includes a controller
722, a main magnetic field control 724, a gradient field con-
trol 726, the computer 20, a display device 728, a transmit-
receive (1-R) switch 730, an RF transmitter 732 and areceiver
734. In the exemplary embodiment, the computer 20 includes
the 3D 1image navigation module 30 that enables an operator
to navigate the 3D 1mage based on a manual input recerved
from an operator. The computer also 20 includes the segmen-
tation module 32 to segment the 3D 1mage dataset 14 to
generate a segmented 3D 1image 22. The computer 20 further
includes the object extraction module 34 to extract a 3D
image ol an exemplary object or organ (not shown) from the
3D 1mage dataset 14.

In operation, a body of an object, such as a patient (not
shown), 1s placed 1 a bore 740 on a suitable support, for
example, a motorized table (not shown) or other patient table.
The superconducting magnet 700 produces a uniform and
static main magnetic field B across the bore 740. The
strength of the electromagnetic field in the bore 740 and
correspondingly in the patient, 1s controlled by the controller
722 via the main magnetic field control 724, which also
controls a supply of energizing current to the superconduct-
ing magnet 700.

The magnetic gradient coils 706, which include one or
more gradient coil elements, are provided so that a magnetic
gradient can be imposed on the magnetic field B_ 1n the bore
740 within the superconducting magnet 700 1n any one or
more of three orthogonal directions x, y, and z. The magnetic
gradient coils 706 are energized by the gradient field control
726 and are also controlled by the controller 722.

The RF transmuit coil 708, which may include a plurality of
coils (e.g., resonant surface coils), 1s arranged to transmuit
magnetic pulses and/or optionally simultaneously detect MR
signals from the patient if receive coil elements are also
provided, such as a surface coil (not shown) configured as an
RF recerve coil. The RF transmit coil 706 and the receive
surface coil are selectably interconnected to one of the RF
transmitter 732 or the receiwver 734, respectively, by the T-R
switch 730. The RF transmitter 732 and T-R switch 730 are
controlled by the controller 722 such that RF field pulses or
signals are generated by the RF transmitter 732 and selec-
tively applied to the patient for excitation of magnetic reso-
nance 1n the patient.

Following application of the RF pulses, the T-R switch 730
1s again actuated to decouple the RF transmit coi1l 708 from
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the RF transmitter 732. The detected MR signals are 1n turn
communicated to the controller 722. The controller 722 may
include a processor (e.g., the Diffusion Spectrum Imaging
(DSI) module 30. The processed signals representative of the
image are also transmitted to the display device 728 to pro-
vide a visual display of the image. Specifically, the MR sig-
nals fill or form a g-space that 1s reconstructed using the
various methods described herein to obtain a viewable image.
The processed signals representative of the image are then
transmitted to the display device 728.

Various embodiments described herein provide a tangible
and non-transitory machine-readable medium or media hav-
ing istructions recorded thereon for a processor or computer
to operate an imaging apparatus to perform an embodiment of
a method described herein. The medium or media may be any
type of CD-ROM, DVD, floppy disk, hard disk, optical disk,
flash RAM drive, or other type of computer-readable medium
or a combination thereof.

The wvarious embodiments and/or components, for
example, the monitor or display, or components and control-
lers therein, also may be implemented as part of one or more
computers or processors. The computer or processor may
include a computing device, an mput device, a display unit
and an mterface, for example, for accessing the Internet. The
computer or processor may include a microprocessor. The
microprocessor may be connected to a communication bus.
The computer or processor may also include a memory. The
memory may include Random Access Memory (RAM) and
Read Only Memory (ROM). The computer or processor fur-
ther may include a storage device, which may be a hard disk
drive or a removable storage drive such as a floppy disk drive,
optical disk drive, and the like. The storage device may also be
other similar means for loading computer programs or other
instructions into the computer or processor.

It 1s to be understood that the above description 1s intended
to be illustrative, and not restrictive. For example, the above-
described embodiments (and/or aspects thereol) may be used
in combination with each other. In addition, many modifica-
tions may be made to adapt a particular situation or material
to the teachings of the various embodiments without depart-
ing from their scope. While the dimensions and types of
maternals described herein are intended to define the param-
cters of the various embodiments, they are by no means
limiting and are merely exemplary. Many other embodiments
will be apparent to those of skill 1n the art upon reviewing the
above description. The scope of the various embodiments
should, therefore, be determined with reference to the
appended claims, along with the full scope of equivalents to
which such claims are entitled. In the appended claims, the
terms “including” and “in which” are used as the plain-En-
glish equivalents of the respective terms “comprising” and
“wherein.” Moreover, in the following claims, the terms
“first,” “second,” and “third,” etc. are used merely as labels,
and are not mtended to 1mpose numerical requirements on
their objects. Further, the limitations of the following claims
are not written 1n means-plus-function format and are not
intended to be mterpreted based on 35 U.S.C. §112, sixth
paragraph, unless and until such claim limitations expressly
use the phrase “means for” followed by a statement of func-
tion void of further structure.

This written description uses examples to disclose the vari-
ous embodiments, including the best mode, and also to enable
any person skilled 1n the art to practice the various embodi-
ments, mncluding making and using any devices or systems
and performing any incorporated methods. The patentable
scope of the various embodiments 1s defined by the claims,
and may 1nclude other examples that occur to those skilled 1n
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the art. Such other examples are intended to be within the
scope of the claims 1f the examples have structural elements
that do not differ from the literal language of the claims, or the
examples 1include equivalent structural elements with msub-
stantial differences from the literal language of the claims.

What 1s claimed 1s:

1. A method for segmenting a three-dimensional (3D)
image dataset, said method comprising;:

accessing a 3D 1mage dataset that includes a plurality of

image slices;

segmenting an object of interest 1n the 3D 1mage dataset;

generating an initial 3D mesh corresponding to the seg-

mented object of interest;

displaying a 3D 1mage of the segmented object of interest

and the 1mitial 3D mesh on a display device, wherein the
initial 3D mesh 1s displayed overlaid on the segmented
object of interest;
receiving a user iput to select at least one end point on the
3D 1mage that 1s not on the nitial 3D mesh; and

adjusting the 1nitial 3D mesh to provide an adjusted 3D
mesh based on the selected end point, wherein the
adjusting includes identifying a closest vertex on the
initial 3D mesh to the selected end point, automatically
identifying an update area including the closest vertex,
calculating a corresponding adjustment distance for
each vertex 1n the update area, and adjusting each vertex
in the update area using the corresponding adjustment
distances, wherein the user mput includes only a single
click from the user, wherein the adjustment distances for
the vertices are determined based on a distance from the
selected end point to the closest vertex, and wherein the
adjusted 3D mesh 1s automatically extended to the
selected end point.

2. The method of claim 1, further comprising receiving a
user mput to select the ini1tial 3D mesh that 1s based on a shape
of the object of interest.

3. The method of claim 1, further comprising;

receiving a user input to position a cursor at the selected

end point; and

automatically displaying a sagittal view, a coronal view,

and an axial view of a slice or area indicated by the
cursor at the selected end point, each of the sagittal view,
the coronal view, and the axial view including a 2D
representation of the adjusted 3D mesh at the selected
end point.

4. The method of claim 3, further comprising;

receiving a user mput to position the cursor at a second

different point; and

automatically adjusting the initial 3D mesh to provide the

adjusted 3D mesh based on the second different point.

5. The method of claim 4, further comprising automatically
updating the position of the adjusted 3D mesh 1n the 3D
image, the sagittal view, the coronal view, and the axial view
based on the second difierent point.

6. The method of claim 1, wherein the 1nitial 3D mesh 1s
configured to substantially encapsulate the object of interest.

7. The method of claim 1, further comprises providing a
rendered mesh view, wherein the adjusted 3D mesh 1s formed
from a plurality of points, each point representing a different
coordinate 1n 3D space, said method further comprising:

determining an intensity value for at least one voxel in the

image dataset that 1s located proximate to each of the
points; and

assigning each of the points on the adjusted 3D mesh a

color that represents the intensity value of the voxel at
the respective 3D coordinate to generate the rendered
mesh view.
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8. The method of claim 7, further comprising visually
determining whether a portion of the object of interest 1s
located mside or outside of the adjusted 3D mesh based onthe
colored points.

9. The method of claim 8, further comprising adjusting the
adjusted 3D mesh, wherein adjusting the adjusted 3D mesh
further comprises:

recerving a user iput to select at least one of the plurality

of points based on the visual determination;
repositioning the selected at least one point of the plurality
of points to a different location; and

automatically adjusting the adjusted 3D mesh based on the

repositioned point.

10. The method of claim 9, further comprising automati-
cally adjusting the adjusted 3D mesh based on a radius
between the selected point and the point at the different loca-
tion.

11. The method of claim 1, wherein the vertices of the
update area are parallel shifted in accordance with a shiit
function s, where

20°

N2
s(v;) = Z-exp(— ) ],

where 1 1s the distance between the selected end point and the
closest vertex, d(v,) 1s the distance between a vertex v, and to
a line connecting the closest vertex and the selected end point,
and o 1s a damping factor utilized to control the damping of a
shift distance for each vertex in the update area.

12. The method of claim 1, wherein a radial size of the
update area 1s determined based on a curvature of the mnitial
3D mesh.

13. A computer for segmenting a three-dimensional (3D)
image dataset, said computer comprising;:

a user interface; and

a processor coupled to the user interface, the processor

being configured to:

access a 3D 1mage dataset that includes a plurality of
image slices;

segment an object of interest in the 3D 1mage dataset;

generate an 1nitial 3D mesh corresponding to the seg-
mented object of interest;

display a 3D image of the segmented object of interest
and the mnitial 3D mesh on a display device, wherein
the 1mitial 3D mesh 1s displayed overlaid on the seg-
mented object of interest;

receive a user input to select at least one end point on the
3D 1mage that 1s not on the mitial 3D mesh; and

adjust the 1mitial 3D mesh to provide an adjusted 3D
mesh based on the selected point, wherein, to adjust
the 1nitial 3D mesh, the processor 1s configured to
1dentily a closest vertex on the 1nitial 3D mesh to the
selected end point, identity an update area including
the closest vertex, calculate a corresponding adjust-
ment distance for each vertex in the update area, and
adjust each vertex 1n the update area using the corre-
sponding adjustment distances, wherein the user
input includes only a single click from the user,
wherein the adjustment distances for the vertices are
determined based on a distance from the selected end
point to the closest vertex, and wherein the adjusted
3D mesh 1s automatically extended to the selected end
point.
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14. The computer of claim 13, wherein the processor 1s
turther configured to recerve a user input to select the mitial
3D mesh that 1s based on a shape of the object of interest.

15. The computer of claim 13, wherein the processor 1s
turther configured to:

receive a user mput to position a cursor at the selected end

point; and

automatically display a sagittal view, a coronal view, and

an axial view of a slice or area indicated by the cursor at
the selected end point, each of the sagittal view, the
coronal view, and the axial view including a 2D repre-
sentation of the mnitial 3D mesh at the point.

16. The computer of claim 13, wherein the processor 1s
turther configured to:

receive a user put to position the cursor at a second

different point; and

automatically adjust the initial 3D mesh to provide the

adjusted 3D mesh based on the second different point.

17. The computer of claim 13, wherein the processor 1s
turther configured to automatically update the position of the
adjusted 3D mesh in the 3D 1mage, the sagittal view, the
coronal view, and the axial view based on the second different
point.

18. The computer of claim 13, wherein the processor 1s
turther configured to substantially encapsulate the object of
interest.

19. The computer of claim 13, wherein to provide a ren-
dered mesh view, the computer 1s further configured to:

determine an intensity value for at least one voxel 1n the

image dataset that 1s located proximate to each of the
points; and

assign each of the points on the adjusted 3D mesh a color

that represents the intensity value of the voxel at the
respective 3D coordinate to generate the rendered mesh
VIEW.

20. A non-transitory computer readable medium pro-
grammed to instruct a computer to:

access a 3D 1image dataset that includes a plurality of image

slices:

segment an object of interest in the 3D 1mage dataset;
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generate an 1mitial 3D mesh corresponding to the seg-
mented object of interest;

display a 3D 1image of the segmented object of interest and
the original 3D mesh on a display device, wherein the
initial 3D mesh 1s displayed overlaid on the segmented
object of interest;

recerve a user mput to select at least one point on the 3D
image that 1s not on the 1nitial 3D mesh; and

adjust the initial 3D mesh to provide an adjusted 3D mesh
based on the selected point, wherein, to adjust the nitial
3D mesh, the non-transitory computer readable medium
1s programmed to instruct the computer to 1dentily a
closest vertex on the mnitial 3D mesh to the selected end
point, identily an update area including the closest ver-
tex, calculate a corresponding adjustment distance for
cach vertex in the update area, and adjust each vertex 1n
the update area using the corresponding adjustment dis-
tances, wherein the user mput includes only a single
click from the user, wherein the adjustment distances for
the vertices are determined based on a distance from the
selected end point to the closest vertex, and wherein the
adjusted 3D mesh 1s automatically extended to the
selected end point.

21. The non-transitory computer readable medium of claim
20, further programmed to 1nstruct a computer to receive a
user input to select the 1nitial 3D mesh that 1s based on a shape
of the object of interest.

22. The non-transitory computer readable medium of claim
20, further programmed to 1nstruct a computer to:

recerve a user mput to position a cursor at the selected
point; and

automatically display a sagittal view, a coronal view, and
an axial view of a slice or area indicated by the cursor at
the point, each of the sagittal view, the coronal view, and
the axial view including a 2D representation of the initial
3D mesh at the point.
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